he U.S. Department of Defense (DoD) manages and conducts training on over 12 million ha of land (DoD, 2013) . This land is used for various purposes, including residential and commercial activities and intensive combat training operations. Many combat training activities require navigating large, heavy off-road vehicles across potentially sensitive and undisturbed off-road locations. These activities can create significant disturbance to the soil surface and adversely affect the local ecosystem. The most prevalent impacts include loss of vegetation, soil compaction, and soil loss due to erosion by water and wind (Althoff et al., 2010) . Although some windborne dust events can be classified as exceptional events, soil transport by wind movement can contribute to monitored particulate matter (PM) values that exceed the National Ambient Air Quality Standards (NAAQS) (Ashbaugh et al., 2003) . Suspended wind-eroded particulate matter (PM) emitted from military installations can be carried long distances from the training land and well beyond property boundaries.
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Soil erosion by wind is a dynamic process that often results in loss of the fertile top layer of soil, which can reduce agricultural production as well as degrade local air quality (Skidmore and van Donk, 2003; Diaz-Nigenda et al., 2010) . Intensive tillage and other agricultural practices on arid and semi-arid land can contribute to an increase in soil loss due to wind erosion. Many other factors, such as unpaved roads, confined animal operations, and intensive use as military training lands, may also contribute to dust emissions due to wind erosion (Gillies et al., 2005) .
In addition to simulation and field studies, previous research on wind erosion has also used wind tunnels under field and laboratory conditions. Several studies (Van Pelt et al., 2010; Sweeney et al., 2008; Marticorena and Bergametti, 1997) have used in situ semi-portable wind tunnels that are set up directly in the field on the surface of interest. Other studies have used large laboratory wind tunnels to control both wind speed and soil surface conditions to some degree (Guoliang et al., 2003; Kohake et al., 2010) . These studies have shown that wind tunnels can be used successfully to study the underlying principles of wind erosion while simulating the optimal conditions that contribute to initiating large wind erosion events.
Limited information exists regarding the impacts of military training activities on the wind erosion potential of soil. This research was conducted to determine the effects of off-road trafficking on fugitive dust emissions from military training lands. Specifically, the overall objective was to determine the effects of soil texture, vehicle type, and number of passes on dust emission potential using a laboratory wind tunnel.
MATERIALS AND METHODS

FIELD SITES
Testing was conducted at three DoD military training sites: Fort Riley, Kansas; Fort Benning, Georgia; and Yakima Training Center, Washington. These three sites represent a diversity of vegetative conditions, soil textures, and off-road training activities. Two off-road military training vehicles were used at each site, representing a range of relatively lightweight to very heavy fully armored military off-road vehicles. Military training facilities cover a wide variety of locations within the U.S. Each experimental site was selected to provide a variety of soil textures as well as represent wind erosion susceptible soils at military installations in different climates, but not necessarily represent a majority of the soils at all U.S. military training facilities.
Fort Riley (39° 18′ 0″ N; 96° 55′ 18″ W) was the first installation chosen for testing, which was completed in October and November 2010. This installation is located in the Flint Hills region of north central Kansas in Geary and Riley counties and covers 407 km 2 , with 287 km 2 used for maneuver training (EPA, 2010) . Fort Riley receives annual precipitation of 889 mm and has an annual mean temperature of 12.6°C. Testing at Fort Riley was conducted on silty clay loam (SiCL) and silt loam (SiL) soil textures (table 1) . An M1A1 Abrams heavily armored tracked vehicle (61,500 kg) and a light armored M1025A2 high-mobility multipurpose wheeled vehicle (3,100 kg), commonly called a Humvee (HMMWV), were used for testing. Figure 1 shows the two vehicles during testing at the Fort Riley site. The vegetation at the Fort Riley site was a mixed tallgrass prairie dominated by big bluestem (Andropogin gerardii) and Indian grass (Sorghastrum nutans) species. Testing on both soils was done on 18-22 October 2010 with the M1A1 and on 8-12 November 2010 with the HMMWV.
The second installation was Fort Benning, Georgia (32° 24′ 14″ N; 84° 45′ 21″ W), with testing conducted on 21-24 July 2012. Fort Benning is located on 765 km 2 in west central Georgia. This site is located in the humid Southeastern region of the U.S., which has relatively high precipitation and is affected by tropical maritime events, including frequent thunderstorms and inland-moving hurricanes (NCDC, 2011) . Fort Benning has average annual precipitation of 1245 mm and a mean annual temperature of 18.3°C. Testing at Fort Benning was done at Rowan Hill on a loamy sand (LS) soil texture (table 1). The two vehicles used were a HMMWV up-armored vehicle (model M1151A1) with a curb weight of approximately 3,800 kg Initial (untrafficked) soil samples were taken to a 5 cm depth. Bulk density and water content (Retta et al., 2013) were measured to provide a general characterization of the soils and are reported in table 1. Clay contents of the <2 mm soil were measured by pipette method, sand fraction by wet sieving, and silt by difference according to the method of Gee and Dani (2002) . Organic matter was measured at the Kansas State University Soil Testing Laboratory using the Modified Walkley-Black method (Swift, 1996) . Percent vegetation cover was determined by the line intercept method (Sloneker and Moldenhauer, 1977) .
At each of the installations, sites were selected with as little prior disturbance as possible. The sites may have been used for training activities in the past, but all locations had been undisturbed by vehicles for an extended period of time, e.g., several years, with plentiful natural vegetation regrowth for the site's climatic conditions. At the Fort Riley site, the vegetation was so dense that it required mowing and removal prior to sampling. Note that the two models of HMMWV are referred to as "light wheeled vehicle" and were considered the same for analysis, as the differences in weight were minor compared with the other much heavier vehicles. Additionally, the M1A1 Abrams tank is referred to as "tracked vehicle," whereas the M925A1 water tanker fire truck is referred to as "heavy wheeled vehicle." Table 2 summarizes the vehicle properties.
To accommodate the type of turns that military vehicles normally make during training maneuvers, a figure-8 pattern ( fig. 2 ) on 80 m × 40 m plots was followed, similar to those employed by Althoff and Thien (2005) . The inside turning radius of the vehicles within the figure-8 plots was approximately 10 m. In most training maneuvers, a point on the ground may experience many passes, or high traffic intensity, by one or more vehicles. High traffic intensity also leads to increased damage and the potential for more dust emissions.
The number of trafficking passes was established for each vehicle based on test runs representing minimum, medium, and severe relative levels of disturbance (i.e., trafficking intensity levels) that would also likely provide measurable differences among the trafficking intensity levels (Retta et al., 2013) . The number of vehicle passes was kept the same for each vehicle type at all experimental sites. For the M1A1, the three trafficking intensity levels consisted of one pass, followed by four additional passes (five cumulative passes), and then followed by five final passes (10 cumulative passes). For the HMMWV, the trafficking intensity levels consisted of 10, 25, and 50 cumulative passes. The M925A1 trafficking levels consisted of double the M1A1 passes, for cumulative totals of 2, 10, and 20 passes. The M1A1 was driven at a typical off-road maneuvering speed of 8 km h -1 , the HMMWV at approximately 25 to 30 km h -1 , and the M925A1 at approximately 12 km h -1 . However, the speed was adjusted at the discretion of the driver, with a primary consideration of staying within the same vehicle tracks for every pass.
The figure-8 patterns were staked out for each treatment and replication at each installation ( fig. 2 ). Three replications were conducted for each vehicle/soil treatment combination at each site. Three levels of trafficking intensity (i.e., number of passes) were conducted on each replicated figure-8, with samples taken after the completion of each trafficking intensity level as well as before any trafficking to determine initial conditions. Wind tunnel tray samples were collected on the outside and inside curved sections (CO and CI) as well as from a straight section (SS). Figure 2 illustrates those sample locations within the figure-8 plots. All sampling locations per treatment are listed in the sampling matrix in table 3, which indicates the location within the figure-8 (i.e., CO, CI, and SS) at which samples were collected and the number of passes for each vehicle at each site. Due to resource constraints, a balanced experiment was not conducted on the Fort Riley site with the HMMWV.
WIND TUNNEL TESTING
The top 6 cm of the soil surface was carefully removed from a 122 cm × 20 cm area for each sample location. Samples were removed with a flat-bottom shovel and placed into trays ( fig. 3 ) to minimize disturbance. These trays allowed consistent samples to be collected and also aided in ease of transportation, storage, and testing. The trays were retrieved from the field and stored on closely spaced shelving in a trailer for transport from the field site to the laboratory in Manhattan, Kansas, to minimize disturbance during transportation. It was noticed that some settling and shifting occurred during transport of some soil trays; however, the disturbance was minimal and did not significantly alter the tray configuration. All samples were allowed to completely air-dry in a greenhouse for at least one month prior to wind tunnel testing.
A vertically integrated, slot-style sampler ( fig. 4 ), developed by Mirzamostafa et al. (1998) , was used for wind tunnel testing. The primary advantage of this sampler is that it can operate isokinetically at various wind speeds, providing close to 100% sampling efficiency for all particle sizes for the test conditions. The isokinetic conditions ensure that the sampler does not interfere with the movement of the air stream and allow for more accurate measurement of particulate emissions. The sampler has a 5 mm wide slot for particles to enter the system. The system also contains a cyclonic design inside, so saltation size or larger particles 
Sample locations: CO = curve outside, CI = curve inside, SS = straight section. [b] Only one initial condition sample per figure-8 replication was taken at the Fort Riley site for each treatment. (>100 μm) are deposited into a catch pan located underneath the sampler. This sampler was an integral part of the wind tunnel tray experiments and allowed dust emissions of both suspension (<100 μm) and saltation plus creep (≥100 μm) size ranges to be captured and measured.
Two high-volume sampling blower motors were used during laboratory wind tunnel testing of the soil samples: one model GBM2000H motor assembly for the mass flow control (MFC) unit and one model GBM2000V motor assembly for the volume flow control (VFC) unit (General Metal Works, Cleves, Ohio). The MFC unit had an adjustable flow range of 0.00944 to 0.02831 m 3 s -1
, with a flow setpoint of 0.01888 m 3 s -1 at 115 V and flow control accuracy of ±2.5% over a 24 h sampling period. The VFC unit was connected to a variable voltage controller, and the flow was adjusted to match the internal pitot tube (inside the slot sampler) pressures with the external pitot tube (outside the slot sampler) pressures.
These blower motors were used to create negative pressure within the slot-sampler system. At the beginning of the experiments, one blower motor was voltage-adjusted to ensure that the total flow within the sampling system was equivalent to the moving air stream within the wind tunnel during the tests. The setpoint resulted in a flow rate of 0.0529 m 3 s -1 . The pressure was monitored in real time using pressure transducers connected to a computer.
Proper establishment of the upwind boundary layer conditions is an important factor to consider when using a wind tunnel to estimate particulate emissions as a result of wind erosion. Figure 5 shows a schematic of the wind tunnel. The tunnel is a 12.2 m length × 1.2 m width × 1.5 m height, push-type laboratory wind tunnel located at the USDA-ARS Wind Erosion Laboratory in Manhattan, Kansas. In the upwind portion of the tunnel, directly following the fan, is a screen followed by a honeycomb structure. This setup has been shown to decrease both lateral and longitudinal turbulence (Rae and Pope, 1984) . The boundary layer turbulence was mechanical turbulence generated by the surface roughness. Spires extending upward from the floor surface are directly downwind of the honeycomb structure to generate turbulence near the floor, which serves to slightly increase the initial boundary layer. Pea-sized gravel was sieved to a size range of 5 to 7 mm and applied to the entire length of the tunnel floor to create a boundary layer depth of approximately 0.3 m, based on previous research with this wind tunnel (Mirzamostafa et al., 1998; Kohake et al., 2010) . The gravel was used to simulate roughness conditions more similar to the soil surface (1.6 mm random roughness, as defined by Allmaras et al., 1966) than the smooth plywood tunnel floor. The roughness provided boundary layer conditions within the air stream that better replicate those found in actual field conditions (Kohake et al., 2010) . Note that the initial surface roughness varied among the trays, and the roughness was further modified as the trays became armored (i.e., loose fines were removed) during testing. The aerodynamic roughness, excluding any standing residue effects, ranged from about 0.2 to 1.0 mm. At the beginning of each test, the soil tray surface heights were adjusted and leveled with the surrounding floor surface using two floor jacks underneath the trays. The edge of the trays was either level with or below the surrounding soil and pea gravel so as to not impede or otherwise alter the wind flow.
Testing was done for a period of 5 min at a mean wind speed of 14 m s -1 , in accordance with the procedure of Kohake et al. (2010), and was well above the observed threshold. The wind speed chosen was also near the upper limit of the tunnel. Wind speed was established at the centerline at a height of 0.75 m above the tunnel floor using a pitot static tube coupled with a pressure transducer.
Dust concentrations were measured with a Grimm spectrometer (model 1.108, Grimm Aerosol Technik GmbH, Ainring, Germany) from within the center of the ducting of the isokinetic sampling train shown in figure 5 . The Grimm spectrometer uses light scattering for single-particle counts, with a semiconductor laser as the light source. The scattered signal from a particle passing through the laser beam is collected at approximately 90° by a mirror and transferred to a recipient diode. The signal from the diode passes, after a corresponding reinforcement, through a multichannel size classifier. A pulse height analyzer then classifies the signal transmitted in each channel. The ambient air, to be analyzed, is drawn into the unit by an internal volume-controlled pump at a rate of 1.2 L min -1 , and results are recorded every 6 s. The Grimm spectrometer provided data for determination of 15 individual size fractions (>0.3, >0.4, >0.5, >0.65, >0.8, >1.0, >1.6, >2.0, >3.0, >4.0, >5.0, .5, >10.0, >15.0, and >20.0 μm) of the suspended dust in mg L -1 . This allowed for the determination of the concentrations of particles in certain size ranges of interest, i.e., <2.5 μm, <10 μm, and total dust (<20 μm). From the measured concentrations, the volumetric flow rate through the Grimm spectrometer, and the duration of testing (5 min), the total mass of dust (<20 μm) emissions (mg) was determined. This value was divided by 0.0061 m 2 (length of the tray times the width of the slot opening) to determine the dust emission potential (mg m -2 ) of the tray surface (eq. 1):
where E = emission per area (mg m -2 ) A = effective area of the tray (0.0061 m 2 ) n = number of concentration measurements during the 5 min testing period C i = PM concentration measurements every 6 s (mg m -3 ) Q = flow rate (m 3 min -1 ) Δt = time interval (min).
Background particulate concentration was measured before each run using the Grimm spectrometer. Additionally, the wind tunnel was thoroughly cleaned after each run using high-velocity wind and rapping in conjunction with compressed air cleaning of the sampling train while the high-volume samplers were running to clean any entrained particles from the system. A settling period was allowed after the high-velocity cleanout before starting the next sampling event. While the background concentration was not subtracted from the overall mass emission results, each test was run only after background concentration reached a non-detectable level.
DATA ANALYSIS
Dust emission data were analyzed independently for the three vehicle types (HMMWV, M1A1, and M925A1). For each of these analyses, there were three replications for each vehicle/soil texture combination at each site. In addition, tray samples, which were collected on the outside/inside curves (CO, CI) and straight sections (SS) within each figure-8 location after an increasing series of trafficking passes, were considered subsamples and averaged to obtain mean emissions from the entire figure-8 plot ( fig. 2 and table 3 ).
For light wheeled vehicles (HMMWV), the experimental design was a completely randomized design with a split plot. Soil texture (i.e., silty clay loam, silt loam, loam, and loamy sand) was the fixed whole-plot treatment factor, and replication within soil texture was the random wholeplot error term. Split-plot fixed effects included the main effect of number of vehicle passes (0, 10, 25, and 50) and the interaction between soil texture and number of passes. The split-plot error term was the random effect due to the interaction between number of passes and replication within soil texture.
For tracked vehicles (M1A1), the experimental design and treatment structure was exactly the same as with the HMMWV, except that loam was excluded from soil texture and the number of passes was 0, 1, 5, and 10.
Heavy wheeled vehicles (M925A1) were tested only at one soil texture (loam). Therefore, the experimental design was a randomized complete block design in which the blocking factor was the replication and the treatment factor was number of passes (0, 2, 10, and 20).
All analyses were conducted using SAS software (ver. 9.3, SAS Institute, Inc., Cary, N.C.). Initial analyses assumed normality of responses and were conducted using the MIXED procedure. However, since residuals for each of the responses appeared rightwardly skewed (i.e., non-normal), a generalized linear mixed model (GLMM) with a gamma distribution and a log link function in the GLIMMIX procedure of SAS were used. See Stroup (2013) for technical details on GLMMs and the SAS online documentation (http://support.sas.com/documentation/onlinedoc/stat/) for technical details on the MIXED and GLIMMIX procedures. The selection of a gamma distribution ensured positive dust emission confidence limits while accounting for the heterogeneous variance experienced among soil textures. Due to unbalanced subsampling, the Satterthwaite denominator degree of freedom method was used. For light wheeled and tracked vehicle analyses, F-tests were calculated for the main effects of soil texture and number of passes and for the soil × pass interaction. For heavy wheeled vehicle analysis, the F-test was calculated only for number of passes. For all analyses, means and standard errors were also calculated for all effects. In addition, pairwise comparisons were performed for the main effect means using the Tukey adjustment for Type I error and are reported here.
RESULTS AND DISCUSSION
SOIL PROPERTIES
Soil properties measured in the upper 5 cm are presented in table 1. Clay content for the study sites ranged from 28 to 280 g kg -1 , while sand ranged from 79 to 877 g kg -1 , resulting in textures ranging from loamy sand to silty clay loam. Soils with less than 150 g kg -1 clay tend to have poorer aggregation and thus higher natural erodibility (Chepil, 1953 (Chepil, , 1955 . Organic matter contents ranged from 9 g kg -1 for the warm and humid sandy soil at Fort Benning to 41 g kg -1 for the tallgrass prairie soils at Fort Riley. Since higher organic matter contents were also found in soils with higher clay contents, the clay content is expected to dominate the aggregation processes in these soils. The soil samples were allowed to completely air-dry before the wind tunnel tests; therefore, the samples had similar moisture contents, and soil moisture at the time of the tests was assumed to have no effect on results. However, the initial moisture contents (i.e., prior to trafficking experiments) were considerably lower for the loam (0.01 kg kg -1 ) and loamy sand (0.02 kg kg -1 ) than for the silt loam (0.16 to 0.17 kg kg -1 ) and silty clay loam (0.18 to 0.21 kg kg -1 ). Ini-tial bulk density ranged from 1.22 to 1.47 g cm -3 . These values were within expected ranges and, because bulk density has little effect on loose emissions of soil, they were also assumed to have a minimal effect on results.
The higher water contents during the trafficking experiments and the ability of the Fort Riley soils to consolidate better due to their higher clay contents may have limited the emissions potential from these soils. If these soils were present and tested under drier conditions with similar vegetation cover, like the other two sites, these soils may have generated emission levels more similar to the other soils. Additional experimentation is required to determine the actual effects, if any, that different soil water contents may have on emission potential due to repeated trafficking.
VEGETATION COVER
The trafficking passes degraded the vegetation cover for all vehicles on all soils. Figures 6, 7, and 8 show the changes in vegetative cover due to trafficking on the soils at the sites where each vehicle was used. Note that the tracked vehicle was more destructive than either of the wheeled vehicles with respect to vegetation cover. The denser prairie grass vegetation and soils with higher clay content at Fort Riley appeared to resist the destructive impact and shear forces in the curved regions of the multiple trafficking passes better than the Fort Benning and Yakima Training Center vegetation and soils. Vegetation cover appears to influence the emission of the soil surface, as expected (figs. 6, 7, and 8).
LIGHT WHEELED VEHICLE
Data were collected for the light wheeled vehicle (HMMWV) on four soil textures across the three experimental sites. The difference in mean emission potential (<20 μm) for each testing parameter (i.e., pass and soil) Table 4 shows the pairwise comparisons for both soil texture and number of passes for all tests. All comparison tests showed significant differences in emissions at the 5% level, except the two soil textures at Fort Riley (silt loam and silty clay loam). This result is not surprising, because the two soil textures have similar properties and were close in geographical proximity. In addition, there was no significant increase in emissions when the number of passes was doubled from 25 to 50 (p = 0.66). This result indicates that all emission increases generally occurred between undisturbed conditions and 25 passes. Table 4 also shows that, from undisturbed conditions to 10 passes, emissions increased by 357% on average for all light wheeled vehicle tests. From 10 to 25 passes, an additional 72% increase was observed.
Total dust emission potential as measured by the Grimm spectrometer was shown to be significantly influenced by both trafficking passes and soil texture. In general, the soil textures with more sand content were more susceptible to emissions, as shown in table 4. As shown in table 1, the two soils at the Fort Riley site had significantly less sand content at the surface, 7.9% (silty clay loam) and 10.2% (silt loam), than the other two sites, which had 51.3% (loam) and 87.7% (loamy sand). Initial moisture content (i.e., prior to trafficking experiments) also could have influenced the behavior of the soil during trafficking and the resulting emission potential. Note that the two soils at the Fort Riley site had initial moisture contents of 0.16 to 0.21 kg kg -1 , whereas the other two sites had initial moisture contents of 0.01 to 0.02 kg kg -1 . Although the effect of soil texture (combined with initial moisture content) was more distinct than the vehicle passes, from the data presented in table 4, there is evidence that trafficking intensity can influence increased emissions nearly as much as soil texture alone. Figure 9 shows the total Grimm measured dust emission potential (particles <20 μm) for treatment interaction effects of soil texture and number of passes. The silty clay loam and silt loam soil textures (with high initial moisture contents) at the Fort Riley site had relatively low emission potential compared with the other sites. In addition, although no significant (p > 0.05) increase in emissions was detected between 25 and 50 passes, the loamy sand soil continued to increase between these two treatment levels. Statistical analysis indicated significant (p < 0.05) effects of both trafficking passes and soil texture, as well as their interaction.
Fort Benning (loamy sand) showed a 1,953% increase in emissions of total dust (<20 μm) between undisturbed conditions and 25 passes, and Yakima Training Center (loam) had a 3,119% increase for the same treatment. Figure 10 illustrates the trend for the loam and loamy sand soils for total suspended particles (<20 μm, <10 μm, and <2.5 μm).
TRACKED VEHICLE
For all one-way tests, the main effects of soil and trafficking passes were significant (p < 0.05). The interaction effect between soil and pass was not significant (p > 0.05) for all tests, with the exception of emission potential of dust <2.5 μm. Note that the tracked vehicle testing represents fewer data points than the light wheeled vehicle testing. This is due to the tracked vehicle being unavailable at the Yakima site as originally planned. It is recommended that further investigation into the effects of a tracked vehicle on emission potential be conducted. Table 5 shows the pairwise comparison of the effects of soil and trafficking passes on total dust emission (<20 μm) potential. As seen with the light wheeled vehicle testing, the two Fort Riley soils showed no significant (p > 0.05) difference across all trafficking tests. Although there was a significant (p < 0.05) increase in emissions from undisturbed condition to any number of passes, no significant (p > 0.05) difference was observed between 1, 5, and 10 passes. In addition, unlike the results from the light wheeled vehicle testing, interaction effects between soil texture and number of vehicle passes on total dust emission (<20 μm) potential was not significant (p > 0.05). One possible explanation for these results is that tracked vehicle testing was completed on only three soil textures, and two of the three soils (silt loam and silty clay loam) were high in clay content and relatively low in sand content (table 1) , making them much less susceptible to emissions. In addition, the tracked vehicle sheared the surface on the curves, removing the top soil and most of the vegetation on the first pass ( fig. 6 ). Subsequent passes resulted in similar behavior while exposing more moist soil below the surface, especially at the Fort Riley site. In contrast, many more passes with the light wheeled vehicle were required to completely shear through the vegetation and physically remove some of the top soil from the wheel tracks ( fig. 7) . Figure 11 illustrates the soil-pass interaction plot of total dust emissions (<20 μm) for the tracked vehicle. Although most of the pass interaction effects were not significant (p > 0.05) for the tracked vehicle testing, the soil interaction effect for dust <20 μm was significant (p < 0.05).
HEAVY WHEELED VEHICLE
Significant (p < 0.05) treatment effects were observed for all heavy wheeled vehicle tests (fully loaded M925A1 fire water tanker) at Yakima. After 20 passes of the heavy wheeled vehicle, the soil surface showed a 5,276% increase in dust (<20 μm) emission potential over undisturbed conditions. In contrast to the light wheeled and tracked vehicles, the emission increase between each pass level was significant (p < 0.05). Figure 12 shows an increase in dust emission potential with each subsequent increase in vehicle passes for each treatment level up to 20 passes. The light wheeled vehicle showed less increase in emissions at a higher number of passes; however, the heavy wheeled vehicle did not show the same increasing trend for the same soil texture. Note, however, that the number of passes went up to only 20, whereas the light wheeled vehicle used 50 passes as the upper level. This indicates that additional passes are necessary to determine the maximum effect on the soil with the heavy wheeled vehicle.
CONCLUSIONS
Multi-pass military vehicle trafficking experiments were conducted at three military training installations. Dust emission potential was measured in a laboratory wind tunnel (with a Grimm spectrometer). The following conclusions were drawn from this research.
Wind tunnel testing showed a significant impact of offroad trafficking passes on total dust emissions (<20 μm) for most tests, except for the heavy wheeled vehicle. For both the light wheeled and tracked vehicles, there seemed to be a threshold of maximum increase in emission potential. For the light wheeled vehicle, from undisturbed conditions to 10 and 25 vehicle passes, emissions increased significantly (p < 0.05); however, when the number of passes doubled from 25 to 50, the increase was not significant (p > 0.05). For the tracked vehicle, emissions increased significantly (p < 0.05) from undisturbed conditions to one pass, but when the number of passes was increased, the emissions increase was not significant (p < 0.05). The heavy wheeled vehicle did not exhibit exactly this behavior with the number of passes tested (2, 10, and 20), although that may be due to an insufficient number of passes being conducted with this vehicle.
For the tracked vehicle, in general, emission potential increased in soils with higher sand content (and low initial moisture content). In addition, dust emissions increased significantly from undisturbed conditions to any number of passes with the tracked vehicle.
The tracked vehicle was more destructive than either of the wheeled vehicles with respect to vegetation cover, especially when turning. This is due to the significant shearing action in the curved regions and was likely intensified by the extra weight of the tracked vehicle. The denser prairie grass vegetation and soils with higher clay content at Fort Riley appeared to resist the destructive impact and shear forces in the curved regions better than the Fort Benning and Yakima Training Center vegetation and soils. The heavy wheeled vehicle was more destructive of the vegetation than the light wheeled vehicle at the Yakima Training Center site, which can be attributed to the extra weight of the heavy wheeled vehicle. Whether the difference would be similar or different on other soils is unknown because the heavy wheeled vehicle was not used at the other sites during this study.
In general, soil texture (combined with initial moisture contents) played an important role in dust emissions, but vehicle passes can produce an effect nearly as pronounced. Because of the lack of a significant increase in emissions between 25 and 50 passes for light wheeled vehicles and multiple passes (>1) for the tracked vehicle, intensive vehicle training should be conducted, when possible, on lands that have been previously disturbed to reduce the amount of land requiring remediation after trafficking.
